To identify the function of genes that regulate the processing of proglutelin, we performed an analysis of glup3 mutants, which accumulates excess amounts of proglutelin and lack the vacuolar processing enzyme (VPE). VPE activity in developing seeds from glup3 lines was reduced remarkably compared with the wild type. DNA sequencing of the VPE gene in glup3 mutants revealed either amino acid substitutions or the appearance of a stop codon within the coding region. Microscopic observations showed that α -globulin and proglutelin were distributed homogeneously within glup3 protein storage vacuoles (PSVs), and that glup3 PSVs lacked the crystalline lattice structure typical of wild-type PSVs. This suggests that the processing of proglutelin by VPE in rice is essential for proper PSV structure and compartmentalization of storage proteins. Growth retardation in glup3 seedlings was also observed, indicating that the processing of proglutelin infl uences early seedling development. These fi ndings indicate that storage of glutelin in its mature form as a crystalline structure in PSVs is required for the rapid use of glutelin as a source of amino acids during early seedling development. In conclusion, VPE plays an important role in the formation of protein crystalline structures in PSVs.
Introduction
During seed development, most seed plants accumulate saltsoluble proteins, 11S and 7S globulins, or alcohol-soluble prolamins in protein bodies (PBs) or protein storage vacuoles (PSVs). However, rice accumulates two kinds of storage protein, glutelin and prolamin (Tanaka et al. 1980 , Krishnan and White 1995 ) . Glutelin, the dominant storage protein in rice, is homologous to leguminous 11S globulins and is accumulated in PSVs (Zhao et al. 1983 ) . Unlike 11S globulins, however, rice glutelins are only soluble in a diluted acid solution. During seed development, rice glutelin polypeptides are initially synthesized on the endoplasmic reticulum (ER) membrane as 57-kDa proglutelin (Yamagata et al. 1982 ) , which is then transported to the Golgi apparatus and fi nally to the PSVs (Krishnan et al. 1986 , Yamagata and , where the proglutelin is cleaved to form acidic and basic subunits (Yamagata et al. 1982 ) .
The PSVs of rice, which are irregularly shaped, accumulate glutelins and a small amount of globulins. The internal structure of the PSV is complex (Beachtel and Juliano 1980 , Krishnan et al. 1992 ) , and contains several protein inclusions, which appear to be composed of distinct glutelin aggregates with a crystalline lattice structure (Beachtel and Juliano 1980 ) . Electron microscopy of protein inclusions within PSVs in monocot and dicot seeds suggests that most of the mature 11S globulins assemble to form protein crystalline structures within the PSVs.
In soybean ( Glycine max ), the 11S precursor, proglycinin, is transported into the large central vacuole (Sengupta et al. 1981 ) where it is proteolytically processed to a mature form. Each mature subunit of glycinin is composed of an acidic and a basic chain that are covalently linked via a single disulfi de bond (Staswick et al. 1984 ) . Cleavage of proglycinins is required for the subsequent assembly of proglycinin trimers into hexamers within the storage vacuoles, suggesting that the cleavage of the protein results in a conformational change that facilitates hexamer formation (Dickinson et al. 1989 ). This post-translational processing event is considered an important regulatory mechanism of the vacuolar deposition and assembly of glycinin (Dickinson et al. 1989 , Scott et al. 1992 , Jung et al. 1998 . The cleavage of proglycinin trimers by purifi ed asparaginyl endopeptidase is necessary for their assembly into hexamers in vitro (Nam et al. 1997 , Jung et al. 1998 .
Asparaginyl endopeptidase can be purifi ed from developing leguminous seeds (Hara-Nishimura et al. 1991 , Scott et al. 1992 , Abe et al. 1993 , Muramatsu and Fukazawa 1993 , Hara-Nishimura 1995 and is known as vacuolar processing enzyme (VPE). In vitro processing assays demonstrated that VPE is an essential processing enzyme that mediates the maturation of several seed proteins in pumpkin and castor beans, including 2S albumin (Hara-Nishimura et al. 1991 , Hara-Nishimura et al. 1993 , 11S globulins (Hara-Nishimura and Nishimura 1987 ) and 7S globulin (Yamada et al. 1999 ) . To elucidate the biological function of the enzyme in vivo, Gruis et al ( 2002 Gruis et al ( , 2004 and Shimada et al ( 2003 ) generated VPE knockout mutants in Arabidopsis. These mutants over-accumulated 12S globulin and 2S albumin precursors in developing seeds. However, the physiological role of VPE in seeds remains unclear because the seeds of the VPE knockout mutants normally germinate and grow, and the proproteins were degraded during germination (Gruis et al. 2002 , Shimada et al. 2003 .
We have characterized eight independent rice mutants that accumulate large quantities of the 57-kDa proglutelin polypeptide. The mutants were named endosperm storage protein mutant 2 ( esp2 ) (Kumamaru et al. 1987 , Kumamaru et al. 1988 or glutelin precursor mutant ( glup ) 1-7 (Satoh et al. 1994 , Satoh et al. 1995 , Satoh et al. 1999 , Tian et al. 2001 , Ueda et al. 2004a , Ueda et al. 2004b , Kumamaru et al. 2007 ). Among them, high-resolution mapping analysis of the glup3 gene revealed that the gene encoding VPE is located within the map region containing the Glup3 gene (Kumamaru et al. 2002 ) . Recently, it was reported that VPE is a cysteine protease that is crucial for the maturation of rice glutelins in the PSV (Wang et al. 2009 ). However, it is not known whether VPE plays a signifi cant role in the proteolytic cleavage and deposition of storage proteins in the PSV in rice.
To clarify whether defective cleavage of glutelin infl uences the accumulation of the storage protein, we characterized proglutelin-accumulating glup3 mutants. Here we show that the loss of VPE activity not only resulted in over-accumulation of proglutelin, but also caused alterations in the structure and morphology of the PSVs and in the compartmentalization of storage proteins, suggesting that the activity of VPE almost certainly plays an important role in the formation of glutelin crystalline structures in PSVs.
Results

Proglutelin accumulation in rice glup3 mutants
The major storage proteins of rice visible on SDS-PAGE gels consist of the 40-kDa acidic and 20-kDa basic subunits of glutelin, the 26-kDa globulin polypeptide, the 16-kDa, 14-kDa, 13-kDa and 10-kDa polypeptides of prolamin, and small amounts of the 57-kDa proglutelin ( Fig. 1 , see also Tanaka et al. 1980 ) . Fig. 1 presents a comparison of the accumulation of 57-kDa proglutelin and the processed 40-kDa acidic and 20-kDa basic subunits in seeds from wild-type Taichung65 rice and from the glup3 mutant EM856. In comparison with the wild-type Taichung65 line, the rice mutant line contains substantially higher levels of 57-kDa proglutelin and correspondingly reduced levels of acidic and basic glutelin subunits ( Fig. 1A, B ). Glutelins are encoded by a multigene family that consists of at least six distinct classes (Takaiwa et al. 1999 ) . In wild-type plants, glutelin acidic and basic subunits are separated into 11 and 9 bands, respectively, by IEF analysis ( Fig. 1C ) . The glup3 mutant contains elevated amounts of six proglutelin polypeptide bands in the pI range 7.8-8.2 compared with wild type. Nearly all of the polypeptide bands of the acidic and basic subunits of mature glutelin were reduced uniformly in the glup3 mutant, indicating that accumulation of 57-kDa proglutelin polypeptides occurs at the expense of processed glutelin subunits. 
(kD) Fig. 1 Storage protein composition in the endosperm of wild-type Taichung65 (WT) or glup3 mutant. Storage protein extracts were separated on SDS-PAGE gels that were stained with Coomassie blue (A) or transferred to nitrocellulose membranes and incubated with antibodies to glutelin acidic subunit or glutelin basic subunit (B). Glutelin extracted by 1 % lactic acid from glup3 and wild-type endosperms was analyzed by IEF (C). The pIs of the 57-kDa polypeptide and glutelin acidic and basic subunits are depicted. The closed arrowhead denotes the 57-kDa polypeptide.
Genomic DNA sequencing of VPE in glup3 mutants
Sequencing analysis of the BAC clone OSJNBa0091D06 revealed that Glup3 is located on chromosome 4 (Kumamaru et al. 2002 ) . The VPE gene reported by Wang et al. ( 2009 ) was also present on the same BAC clone. In order to verify that Glup3 encodes VPE, genomic DNA from wild-type and glup3 lines was sequenced. Fig. 2 shows the amino acid substitutions in the VPE gene in glup3 lines. A span of DNA from 1900 nucleotides upstream of the ATG initiation codon to 1500 nucleotides downstream of the termination codon of the VPE gene in EM856, PAK22 and HO1274 was sequenced. DNA sequencing analysis of the glup3 allelic genes showed that Gly333 in the VPE gene in EM856 was replaced by Asp. In PAK22, Gln90, Glu317 and Glu384 were substituted with Arg, a stop codon, and Gly, respectively, and in HO1274, Cys269 was replaced by Gly. The substitution in HO1247 was the same as in the proglutelinaccumulating line described by Wang et al. ( 2009 ) . Gly333, Glu317 and Cys269 are conserved in almost all plant VPEs. The 5 ′ and 3 ′ fl anking DNA sequences located upstream of the initiation codon and downstream of the termination codon, were the same in both HO1274 and wild type. In PAK22, some differences in sequence were detected in the 5 ′ fl anking region compared with wild type. The deduced amino acid substitution of VPE in all glup3 lines demonstrates that the Glup3 gene encodes VPE.
Expression analysis of VPE in glup3 mutants
To confi rm whether expression of the VPE gene in glup3 lines is suppressed, we analyzed its transcript levels in developing seeds of EM856, PAK22 and HO1274 lines by RT-PCR using the specifi c primer pairs for VPE ( Fig. 3 ). In wild type, the expected size of a product was detected by both primer combinations. As the expression of VPE gene in developing seed peaks at 12 days after fl owering (DAF) (Wang et al. 2009 ) , the results at 12 DAF were shown. In EM856 and HO1274 seeds, the amplifi ed products were present at nearly the same level as in wild type. In contrast, the amplifi ed product from PAK22 seeds was much lower compared with wild type. To further investigate the mechanism of excess proglutelin accumulation, the activity of proteolytic processing in the seeds of glup3 mutants was measured using the fl uorescent substrate Ac-Ala-Ala-Asn-MCA (Ac-AAN-MCA). VPE activity was almost undetected in the seeds of any of the glup3 lines (Supplementary Fig. 1 ). This suggests that in PAK22 seeds, either the presence of a premature stop codon in the ORF or the reduction of promoter activity results in low levels of VPE transcripts, whereas in EM856 and HO1274 seeds, the amino acid substitutions result in a decrease in VPE activity.
Microscopic analysis
The morphology of PBs in glup3 mutants was investigated by electron microscopy. In wild-type endosperm, the glutelincontaining PSV is an irregularly shaped structure with a diameter of 3-4 µm ( Fig. 4A, H ). In addition to its shape, PSV is characterized by the presence of several distinct protein inclusions that differ in electron density, peripheral dark and lighter staining areas. α -Globulin antibody bound to the dark-stained area, while the glutelin antibody was distributed to the lighter staining area, indicating that the storage proteins were not randomly distributed, but rather stratifi ed within this organelle. The former is crystalloid with a characteristic lattice structure, the latter is an amorphous matrix (Beachtel and Juliano 1980 , Tanaka et al. 1980 , Krishnan et al. 1992 , Kawagoe et al. 2005 . Fig. 4H shows the distribution of α -globulin and glutelin in wildtype PSV. A crystal lattice structure was detected in the crystalloid ( Figs. 4D, I ), and does not appear in the matrix ( Fig. 4G ) . The distance between the elements of the crystal lattice was measured in several images, averaging approximately 70 Å. PSVs from two glup3 lines exhibited properties that were very distinct from those seen in wild-type endosperm. The PSVs were spherical with uniform electron-dense staining, and the crystalloids and matrix could not be distinguished from one another ( Fig. 4B , C, J, L ). No crystalline lattices were observed in glup3 PSVs ( Fig. 4E, F , K, M ), and immunoelectron microscopy showed that α -globulin and glutelin were uniformly distributed in the PSV ( Fig. 4J, L ) . The spatial distribution of these storage proteins in wild type was also examined by immunofl uorescence microscopy ( Fig. 5A-C ) . α -Globulin was distributed in the peripheral area, while glutelin was distributed in the whole area and both proteins were almost not overlapped in wild type. The uniform distribution of α -globulin in glup3 strains was confi rmed also by immunofl uorescence microscopy ( Fig. 5D-I ). It seems that the signal strength of α -globulin in glup3 ( Figs. 5D, G ) is higher than that of wild type ( Fig. 5A ).
Growth characteristics of glup3 seedlings
To clarify the physiological signifi cance of VPE activity, the seed germination and growth rate of glup3 seedlings were investigated. Although the germination rate of glup3 mutants was almost the same as wild type, growth retardation of the primary leaf of the seedlings was observed. The length from the base of the primary leaf in the seedling was indicated as the plant height in Fig. 6 . Under normal conditions, the length of wild-type and glup3 seedlings was nearly the same up to 9 d post-germination. However, the primary leaf length of glup3 seedlings was signifi cantly lower than that of wild type at 14 d ( Fig. 6A ). Under high temperature conditions, there was no signifi cant difference in primary leaf length between glup3 and wild-type seedlings at any time point ( Fig. 6B ). These results demonstrate that the growth rate of glup3 seedlings is slower than that of wild type, suggesting that growth retardation of the primary leaf of glup3 seedlings is due to the accumulation of proglutelin in PSV.
Protein content in glup3 endosperm
In order to elucidate whether the non-cleavage of proglutelin by VPE affects the protein content, protein fractions extracted from glup3 endosperm were measured ( Table 1 ). Proglutelin can be extracted along with mature glutelin by 1 % lactic acid ( Fig. 1 ). The content of the glutelin fraction in wild-type and glup3 mutants was statistically the same, while the albumin/ globulin content in glup3 was signifi cantly higher than that of wild type, indicating that impaired cleavage of proglutelin by VPE in glup3 mutants does not affect the accumulation of glutelin in PSVs and suggesting that an increase in α -globulin expression may result in the increase in the albumin/globulin content of glup3.
Discussion
In rice endosperm, glutelins are synthesized on the ER as a 57-kDa proglutelin, which is then translocated into the ER lumen and packaged as processed subunits in the PSV. glup3 mutants accumulate substantial quantities of proglutelin at the expense of processed acidic and basic subunits. Enzymic assays showed that the glup3 mutant was devoid of VPE activity, suggesting that this loss-of-function was responsible for the abnormal accumulation of proglutelin. This view was substantiated by the identifi cation of a mutant VPE gene in glup3 lines EM856, PAK22 and HO1274 in subsequent genomic DNA sequencing. Shimada et al. ( 2003 ) suggested that substitution of Gln68 by Lys in β VPE might be the cause of the defective β VPE protein in Arabidopsis. This residue is highly conserved in members of the VPE family, suggesting that it is important for protein stability. Similarly, the conserved residues Gly333 and Cys269 were replaced with Asp in EM856 and Gly in HO1274, respectively ( Fig. 2 ). Although the protein expression level is unknown, mRNA was transcribed normally in these glup3 lines, as judged by RT-PCR ( Fig. 3 ) . Cys83, His180 and Cys222 residues, possibly located within the active site of VPE (Kinoshita et al. 1995 ) , were conserved in the VPE in EM856 and HO1274. This suggests that Gly333 and Cys269 might be responsible for maintaining protein stability.
A decreased amount of cleaved glutelin was detected in glup3 endosperm ( Fig. 1 ) and levels of VPE activity were almost undetectable (Supplementary Fig. 1 ). In Arabidopsis, the expression of β VPE is seed specifi c, while α and γ VPEs are expressed only in vegetative tissue (Hara-Nishimura et al. 1998 ) . Although seeds from the Arabidopsis β VPE knockout mutant accumulated mature globulin and albumin as well as both precursors, seeds from the α / β / γ VPE knockout mutant accumulated no mature storage proteins, but did accumulate large amounts of both protein precursors (Gruis et al. 2002 , Shimada et al. 2003 , Gruis et al. 2004 ). This indicates that vegetative VPEs can compensate for defective β VPE in β VPE knockout mutant seeds and suggests the existence of a VPE homolog that is not coded by the Glup3 gene in rice. Kato and Minamikawa ( 1996 ) identifi ed the cysteine endopeptidases REP1 and REP2 in late maturing and germinating rice seeds and showed that REP1 was responsible for the degradation of glutelin in germinating seeds. Kato et al. ( 2003 ) identifi ed and cloned REP2 from rice seed, showed that it had a gene structure similar to β and γ VPEs in Arabidopsis, and reported that REP2 might function in the processing of REP1. Since REP2 mRNA is also expressed in the late maturing stage of rice seeds (Kato et al. 2003 ) , REP2 might partially compensate for impaired cleavage of proglutelin in glup3 mutant seeds.
VPE has a signifi cant effect on PSV morphology and ultrastructure ( Figs. 4 , 5 ) . The wild-type PSV is irregularly shaped and contains inclusions of varying electron density and ordered structure (crystalline versus amorphous). The latter two aspects are due to the spatial sequestration of glutelin and globulin. In contrast, the glup3 PSV was spherical and of uniform electron density, the latter of which was due to a random distribution of glutelin and α -globulin. These drastic changes suggest that the establishment of normal morphology in the PSV requires the cleavage of proglutelin into the mature type by Glup3-VPE.
The seeds in null VPE Arabidopsis mutants germinated and grew normally, as their storage protein precursors were readily degraded during germination (Gruis et al. 2002 , Shimada et al. 2003 . During germination, glutelin acts as a source of amino acids for early seedling growth. PSVs containing glutelin are caused to disappear from the central portion by the activation of an internal latent protease at germination. The disappearance of PSVs occurs earlier than that of prolamin-containing PBs (Horikoshi and Morita 1982 ) . Though the glutelin content of glup3 endosperm was almost the same as in the wild type ( Table 1 ) , growth retardation of the primary leaf in glup3 seedlings was observed ( Fig. 6 ) and the degradation of proglutelin and mature glutelins in glup3 was slightly slower compared with that of mature glutelins in wild-type plants (Supplementary Fig. 2) . From these results, it is speculated that the mature form with a crystalline structure of glutelin in PSVs may be required for the rapid use of glutelin as a source of amino acids during early seedling development.
Glutelin accumulates in a processed and crystalline form within the PSV (Sugimoto et al. 1986 ). Cleavage of proglycinins by asparaginyl endopeptidase is required for the assembly of proglycinin trimers into hexamers within the storage vacuoles, suggesting that cleavage results in a conformational change that facilitates hexamer formation (Chrispeels et al. 1982 ) . Moreover, it is likely that hexamer formation enables glutelin to form a larger, more complex crystalline structure and thereby accounts for its spatial isolation from globulin. The size of a glycinin hexamer has been reported to be 80-95 Å (Adachi et al. 2003 ) . The average distance between the elements of the crystalline lattice of glutelin was about 70 Å, which was measured and calculated from the images of the PSVs in Fig. 4 . Although the size of the glutelin hexamer in PSVs is unknown, the average distance between the elements of a glutelin crystalline lattice and the size of a glutelin hexamer would be similar if it is assumed that the size and structure of glutelin hexamers are similar to those of glycinin hexamers. Post-translational processing is indispensable for molecular association of glycinin trimers into hexamers (Adachi et al. 2003 ) , suggesting that hexamer formation is a prerequisite for crystalline lattice formation of glutelin. The activity of VPE almost certainly plays an important role in the formation of glutelin crystalline structures in PSVs.
Materials and Methods
Plant materials
Three primary varieties of rice were used in this study: the induced glup3 mutant line EM856 produced by N -methyl-Nnitrosourea (MNU) treatment of Taichung65; the Chinese rice variety HO1274 in which the high accumulation of substantial amounts of the 57-kDa polypeptide have been described (Satoh et al. 1995 ) ; and the Pakistan variety PAK22 (Siddiqui et al. 2003 ) . EM856 was used as the representative glup3 line unless otherwise indicated. The mutant and the parental line, Taichung65, were grown in the fi eld and developing seeds obtained at 5-20 DAF were used in biochemical and electron microscopic studies.
Protein extraction
Rice glutelin and proglutelin were extracted by treatment with 1 % lactic acid after pretreatment with 10 mM Tris-HCl (pH 7.5) that contained 0.5 M NaCl for globulin removal. Extraction was accomplished by suspending milled rice in the solvent solution with sonication for 1 min. After centrifugation, the residue was extracted twice more with the solvent.
Protein measurement
Extracted protein fractions were precipitated according to the method of Kumamaru et al. ( 1988 ) and the protein content of each fraction was determined by the Lowry method (Lowry et al. 1951 ) using bovine serum albumin (BSA) as the standard.
SDS-PAGE and Western blot analysis
Storage proteins were extracted from mature seeds in 4 % SDS, 4 M urea, 5 % 2-mercaptoethanol and 0.125 M Tris-HCl pH 6.8.
SDS-PAGE analysis was conducted on 15-25 % polyacrylamide concentration gradient gels (Laemmli 1970 ) . After electrophoresis, gels were stained with Coomassie brilliant blue. For Western blot analysis, proteins resolved by SDS-PAGE were transferred to nitrocellulose membranes, which were then incubated with indicated antibodies. Antibody-antigen reactions were visualized using a commercial ECL detection kit (GE Healthcare, Slough, UK).
IEF electrophoresis
Horizontal IEF slab gels were prepared [6 M urea, 4 % acrylamide, 2 % NP-40, 2 % ampholine (pH 3.5-10.0: pH 6.0-8.0: pH 8.0-10.5, at a 1:1:1 ratio)] and electrophoresed according to the method described by Brinegar and Peterson ( 1982 ) . Glutelins, extracted from rice endosperm as described above, were precipitated by neutralization of the solution with 1 N NaOH and the pellet was dissolved in 8.5 M urea, 2 % Nonidet P-40 and 5 % 2-mercaptoethanol (O'Farrell 1975 ) and then subjected to IEF electrophoresis according to the procedure of Wall et al. ( 1984 ) . After IEF, the gel was incubated in 15 % trichloroacetic acid for 20 min, stained with 0.15 % Coomassie brilliant blue R-250 in 50 % ethanol and 10 % acetic acid, and then destained with 25 % ethanol and 10 % acetic acid.
Assay of VPE activity
VPE activity was measured according to the method described by Shimada et al. ( 2003 ) , which uses the fl uorescent VPEspecifi c substrate, Ac-AAN-MCA [acetyl-alanyl-alanyl-asparagine α -(4-methyl-coumaryl-7-amide); Peptide Institute, Inc., Osaka, Japan]. Crude enzyme extract prepared from developing seeds was incubated with 100 µM Ac-AAN-MCA in an acidic buffer (100 mM sodium acetate pH 5.5, and 100 mM dithiothreitol) for 2 h at 20 ° C. The fl uorescence intensity was measured using a GENios plate reader (Tecan Japan, Tokyo, Japan). The fl uorescence was determined at an excitation wavelength of 380 nm and an emission wavelength of 460 nm.
Antibodies
Seed storage proteins were separated by SDS-PAGE and individual bands were excised and solubilized by preparative electrophoresis. Antibodies to glutelin acidic and basic subunits were then raised in rabbit. Antibody to α -globulin polypeptide was raised in mouse.
DNA sequencing analysis
Total genomic DNA from leaves of the three glup3 lines and wild type was obtained by a cetyltrimethylammonium bromide method (Murray and Thompson 1980 ) . DNA sequences were determined using an ABI PRISMR 3100 Genetic Analyzer (Applied Biosystems Ltd). DNA sequence analysis was performed using EditView1.0.1 and AutoAssembler 2.1. (Applied Biosystems Ltd). Comparisons between wild-type and mutant sequences were carried out using CLUSTALW from the DNA Data Bank of Japan ( http://www.ddbj.nig.ac.jp/top-e.html ).
RT-PCR analysis
Total RNA was extracted from developing seeds using an RNA extraction kit (Nippon Gene Co. Ltd, Tokyo, Japan). First-strand cDNA was synthesized from total RNA with the T-Primed First Strand Kit (Amersham Bioscience Corp., Piscataway, NJ, USA) and the cDNA was used as template. The primers used are as follows: AL: gaggaggaggaggggaagt; G4R: tcaggaggaggtgatggttc; G5L: gaaccatcacctcctcctga; G6R: tgttgccatttgcaggatta.
Transmission electron microscopy
Transverse sections (1-2 mm thick) of developing seeds were fi xed for 1 h in 1.5 % paraformaldehyde and 2.5 % glutaraldehyde, buffered at pH 7.2 in PIPES buffer [20 mM piperazine-N , N ′ -bis (2-ethane sulfuric acid)]. The samples were thoroughly washed with PIPES buffer, post-fi xed for 2 h in 1 % osmium tetroxide and dehydrated by serial ethanol washes. Thin sections were embedded in Spurr's low-viscosity resin as described by Baba et al. ( 1991 ) , sectioned with an ultramicrotome (Reichert, Depew, NY, USA), then stained sequentially with uranyl acetate and lead citrate solution. Microscopic analyses were carried out with a transmission electron microscope (JEM 200C; Electron Optics Lab. Co., Ltd, Tokyo, Japan).
Immunofl uorescence microscopy
Sections were treated with blocking buffer containing 0.8 % BSA, 0.1 % gelatin and 2 mM NaN 3 in PBS, then incubated in the appropriate antibodies diluted in blocking buffer. Non-specifically bound antibodies were removed by washing the section several times in phosphate-buffered saline. The sections were incubated with secondary antibody [anti-rabbit FITC (green) or anti-rabbit rhodamine (Red); Funakoshi Chemical Co., Ltd, Tokyo, Japan] and observed microscopically (AX 80; Olympus, Tokyo, Japan).
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